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QThD3 Fig. 1 Time-resolved emission at 10 K measured for different well widths with excitation and detection circularly co-polarized. The period of quantum beats decrease with increasing hh/lh exciton splitting for narrow wells. Inset: Emission from a 18-nm QW showing fast excitonic radiative deacy at longer times. 
Time (ps)
QThD3 Fig. 2 Comparison of the temporal rise in the 18-nm QW for different exciton densities. For clarity, hh/lh exciton beats are removed by Fourier analysis and filtering in frequency domain. The rise changes fromlinear to quadratic in time when the exciton density is below 5 X 10' cm-'.
hole excitons is visible. The visibility decay time is increased at low exciton densities (up to 25 ps) exceeding by far the phase relaxation times T2. A classical description of resonant Rayleigh scattering based on the disorder-induced susceptibility fluctuations2 allows us to relate the most important temporal features observed at low exciton densities to inhomogeneous broadening. a) The quadratic rise time (Fig. 2 ) is determined by the inverse of the absorption linewidth, as experimentally demonstrated by a comparison of samples with different well widths. b) The temporal shape of the emission is independent of the emission angle, demonstrating that exciton localization lengths do not exceed the wavelength of light. c) The hh/lh exciton beats are related to a correlation of the in-plane center of mass potentials V,,(R) and V,,(R) acting on either type of exciton.* By lowering the dimensionality of semiconductor nanostructures, the biexciton binding energy is enhanced even stronger than the exciton binding energy. The localization of the exciton states as a result ofimperfections ofthe interfaces further increases the biexciton binding energy.' In turn, the different shapes of the exciton localization potentials give rise to a distribution of biexciton binding energies. We study this distribution in a multiple quantum well sample with 0.8 nm ZnSe wells embedded in Zn,,,Mg,, 12So.,8Seo,,2 barriers. The heavyhole exciton absorption has an inhomogeneous width of 9 meV, and its emission is Stokes shifted by 7 meV, revealing the exciton localization present in the sample. Biexcitonic emission with a binding energy of 8 meV is identified by intensity-dependent photoluminescence. To determine the biexciton binding energy distribution, we use threebeam four-wave mixing (FWM) with two coincident, spectrally narrow pump pulses in the directions *kl and 'b and a broad probe pulse 'k3 delayed by the time t13. The diffraction efficiency for a delay tl3 of 2 ps ( Fig. 1) shows the exciton (Xhh) and biexciton (Bhh) contributions. The extracted biexciton binding energy distribution has a FWHM of 2.2 meV and is centered at 8.5 meV.
This distribution gives rise to a fast decay of the biexciton photon echo in FWM, which is displayed spectrally resolved in Fig. 2a as a function of delay time between the two 100-fs excitation pulses. The main signal resulting from the photon echo of the excitons shows their dephasing time of 20 ps. The biexciton signal, red shifted from the exciton signal, decays fast and stronger than exponential with a mean decay time of about 400 fs. Between the exciton and biexciton resonances, a strong oscillation is observed that is due to the excitonbiexciton quantum beat. The fast, intensity- independent decay of the localized biexciton signal was observed previously in CdSSe mixed crystals2 and GaAs Q W S ,~ and was interpreted as a fast dephasing of the biexciton state. However, a biexciton dephasing that is much faster than the exciton dephasing is inconsistent with the observed narrow localized biexciton line width' and with the missing spin-scattering of the biexcitons. We show that the decay can be understood without biexcitonic dephasing considering the incomplete rephasing of the polarization by the distribution of binding energies.
To quantitatively model this effect, taking into account the inhomogeneously broadened exciton and biexciton transitions including the biexciton binding energy distribution, we follow the analytical approach of Erland et al.4 The spectrally resolved third-order polarization of a single localized exciton-biexciton system is calculated for infinitely short pulses by a perturbative expansion of the solution of the optical Bloch equations with only the ground state populated initiall~.~ The third-order polarization PF>Fh of the inhomogeneously broadened system is determined by summing PpLo over the distribution of exciton and biexciton energies. The calculated FWM signal lF?$hi2 corresponding to the experimental conditions is given in Fig. 2b In most spectroscopic experiments only the amplitude of optical signals is measured. Recently techniques able to measure their phase as well were demonstrated,',2 and it was shown that the phase proviides new information that complements that contained in the amplitude.3 We present here the first combined phase-amplitude absorption spectroscopy of magnetically induced Fano-resonances4 in GaAs. They originate from the Coulomb coupling of magneto-excitons at the edge of high energy Landau transitions with 1D electronhole (e-h) continua of lower Landau transit i o n~.~ Fano-resonances have been extensively studied in absorption, which determines only the imaginary part of the susceptibility. To the best of our knowledge the effect of Fano quantum interference on the real part of the susceptibiliity that we measure by phase spectroscopy has never been investigated before.
In Fig. 1 we present the linear absorption spectrum of a 1-pnn-thick high quality GaAs sample at B = 1OT and T = 1.6 K and the power spectrum of our transformed-limited 100-fs laser pulse, tuned in the vicinity ofthe first heavy hole (hh) Fano-resonance. The laser phase was characterized by the SHG FROG technique.6 The phase measurements were performed with use of spectral interferometryz in a differential manner, by measuring the amplitude and phase of the pulses going through the optical system with and without the sample. Figure 2 shows the power spectra and the phase of the transmitted laser pulses for intensities generating respectively Neh = 3 X 1015 cmp3, 3 X 1016 ~m -~, and 1 X lo"' cm-3 e-hpairs. For comparison, the power spectra of the reference laser is shown by a dlotted curve. At low density the transmitted amplitude shows the usual asymmetric Fano lineshape at the main resonance (fiw = 1.552 eV) and some weaker structures at lower energies. The absorption Energy (eV)
QThD5 Fig. 2 Power spectra and the phase of the transmitted laser pulses, for intensities generating(a)Ne,=3X 1015cm-3,(b)3X 1016cm-3, and (c) 1 X l O I 7 cm-' e-h pairs. 'The power spectra of the reference laser is shown by the dotted curves.
spectrum deduced from this measurement is in excellent agreement with that of Fig. 1 . As Neh increases, however, the width and asymmetry vary strongly as e-hs screen the Coulomb coupling and induce collisional broadening. Very interestingly the phase also exhibits large variations, up to -7r/2, near the center of the main resonance, and smaller changes at lower energy. At low density there is a sharp resonance in the phase spectrum. Clearly amplitude and phase have very different lineshapes, which seem to be inverted. The phase resonance is extremely sensitive to the e-h density. It is broadened and eventually Fig. 3 , where the dots correspond to the measured absorption and phase, and I he solid curves are calculated with use of Tlhe nonlinear behavior, however, is more subtlle and cannot be described in these simple terms of a linear susceptibility. In fact it measures how the e-h plasma (i) screens the Coulomb coupling at the origin of the Fano quantum interference, and (ii) affects dephasing. Comparing Figs. 2a and c, one clearly sees that the phase i s inore sensitive to the presence of photocarriers than the absorption.
